An experimental study was conducted to investigate the performance of wind turbines sited over hilly terrains in order to elucidate the underlying physics to explore/optimize design of wind turbines sitting over complex terrains for higher power yield and better durability. The experiments were conducted in an atmospheric boundary layer wind tunnel with wind turbines sited over a two-dimensional hill. In addition to measuring dynamic wind loads and the power outputs of the wind turbines, detailed flow field measurements were also made to quantify the flow characteristics of the surface wind and the wake interference among multiple wind turbines over hilly terrain. The detailed flow field measurements were correlated with the wind load and power output measurements of the wind turbine models to explicate the physical mechanisms associated with power generation and fatigue loads acting on the wind turbines for the optimal design of the wind turbine layout over complex terrain. 
D
= diameter of the wind turbine rotor H = hub height of the wind turbine h = hill height L = hill length between hill height from h/2 to h s = hill slope, s=h/(2L) U H = inflow velocity at hub height on flat terrain C T = thrust coefficient CM Y = bending moment coefficient along y direction P = power output of the wind turbine
I. Introduction
IND energy, as a renewable and clean power source, is receiving more and more attention in recent years due to its vast potential and availability. A target of 20% of overall electricity generation from wind energy by 2030 has been set up by the U.S. Department of Energy. To realize this target, exploitation of areas with high wind potential such as deep offshore and mountainous onshore is one of the most important challenges for the wind energy community. Despite the rapid development of offshore wind farms, which will play more important role in the coming years, onshore wind farm must continue to contribute to the overall growth of wind energy.
Before the wind farm is actually constructed, it is highly desirable to know the characteristics of the wind energy resource of a proposed wind farm site. In current practice, wind energy resources assessment and wind turbine micro-siting usually rely on a combination of field data, obtained mainly by cup anemometers and wind vanes. However, it is known that many of the onshore wind turbines are sited in wind farms with complex terrain. The flow characteristics of surface wind over complex terrain are highly different from those over a flat surface. Wind speed, wind direction and turbulence are all highly dependent on the local terrain topography and usually change significantly over a short distance. Thus, for the wind farms sited over complex terrain, the flow measurements mentioned above are often influenced by local, dynamically-or thermally-induced convection, and the spatial density of wind observation sites is usually insufficient to obtain high spatial resolution wind energy resource maps. Recently, a number of wind tunnel experiments have been conducted to characterize surface wind energy resources and to quantify the interaction among turbine arrays for the optimal design of turbine micro-siting. However, a majority of the previous experimental studies were conducted with homogenous straight-line winds over simplified flat surfaces.
The primary change of flow in topography is the acceleration of the flow over hilly terrain, known as the speedup effect, as well as the associated deceleration of the flow on the leeward side. A number of studies on flow over hills were focused on the behavior of speed-up effect with different atmospheric conditions and hill geometries (Jackson and Hunt, 1975; Kim and Lee et al., 1997) . According to these previous studies, there are great differences between the wind speeds at various locations of hilly terrain. Obviously, this difference leads to the significant change in the power output of wind turbines sited at different locations over hilly terrain. Turbulence intensity, another important aspect of interest, is associated directly with the fatigue lifetime of wind turbine. However, very few experimental studies were conducted to provide the turbulence characteristics over a hilly terrain. The turbulence kinetic energy profiles provided by Kim and Lee et al. (1997) indicate that the turbulence characteristics could be highly affected by the terrain topography. In order to estimate the performance of wind turbines sited over hilly terrain, the flow characteristics and the interaction between complex atmospheric structures and wind turbines need to be fully developed.
In a wind farm, the interaction of the flow with wind turbines results in the lower power output and higher fatigue loads on the downstream turbines compared with the upstream turbines experiencing free-stream conditions. Depending on the distance between the turbines and the arrangement in a wind farm, the power generation could lose up to 40% when the wind turbine operates within an array other than with free-stream flow (Corten et al. 2004; Crespo et al. 1999) . The increase of fatigue loads on the downstream turbines due to the wake interference can be up to 80%, which will dramatically shorten the lifetime of the rotor blades (Sanderse, 2009; Van Binh et al. 2008) . One focus area on wind farm design is to develop the wake models in atmospheric boundary layer with various atmospheric conditions. However, most of these studies are related to the simplified flat terrain. More recently, Barthelmie and Rathmann et al. (2007) , Politis and Prospathopoulos et al. (2012) attempt to evaluate the performance of CFD models and to examine the development of wakes in complex terrain. They proposed that there is still substantial space for using present developed wake models to predict the wake interference in wind farms sited over complex terrains. The challenges associated iwith the development of wake models for wind farms sited over complex terrains are the fewer quantitative measurement data of atmospheric boundary layer (ABL) wind profile and turbulence characteristics and even fewer studies of wind power generation of the wind turbines. As large-scale wind farms are installed in terrains of increasingly complexity, the need arises for a comprehensive study on the wake interference of wind turbines over complex terrains to be made.
In the present study, flow characteristics of surface wind over two-dimension hill were measured to assess the effects of the hilly terrain on the characteristics of surface wind energy resource. In addition, the dynamic force and power outputs of wind turbines at different locations on the hill were measured. The flow field measurements were related to the wind loads and power output measurements to investigate the effect of topography on the performances of wind turbine. In addition, the wake interference of wind turbines sited over hilly terrain are also assessed in order to elucidate the underlying physics of the wake interference of multiple wind turbines over the complex terrain. The quantitative measurement results of the present study can not only be used as the database for wake model and CFD numerical simulation validation and verifications, but also used for the optimal design of turbine siting over complex terrain for higher total power output and better durability.
II. Experimental Setup

Atmospheric Boundary Layer Wind Tunnel
The present experiments were conducted in a large-scale Aerodynamic/Atmospheric Boundary Layer (AABL) Wind Tunnel located at the Aerospace Engineering Department of Iowa State University. The AABL wind tunnel is a closed-circuit wind tunnel with a test section of 20 m in length, 2.4 m in width and 2.3 m in heighth. The maximum wind speed in the test section is up to 45 m/s. Figure 1 shows a picture of the test section of the AABL wind tunnel. The triangular spires at the beginning of the test section and the wooden blocks covered on the wind tunnel floor shown in Figure 1 were used to simulate flow conditions similar to atmospheric boundary layer (ABL) wind under thermally neutral conditions. The simulated atmospheric boundary layer grows in zero pressure gradient condition by adjusting the ceiling of wind tunnel. For the simulated atmospheric boundary layer wind shown in Figure 2 , the wind speed at the hub height of the wind turbine model is set at 4 m/s. The chord Reynolds number, based on the averaged chord length of the rotor blades and the wind speed at the hub height, was found to be 6000. This Reynolds number is typically three orders of magnitude lower than that of a full-scale wind turbine. According to De Vires (1983) , the minimum Reynolds number required for comparison of the model test results with the performances of full scale wind turbine is of the order of Re=3×10 5 . However, as suggested by Medici and Alfredsson (2006) , the key characteristics of the wind turbine wake, including behaviors of the unsteady vortex and turbulent flow structures would be almost independent to the Reynolds numbers of the wind turbines. In the present study, the detailed data of flow field characteristics and wind turbine performances can be used to provide valuable information to validate the high-resolution CFD numerical simulation.
Wind Turbine and Terrain Models
The wind turbine model used in the present study represents the most widely used three-blade horizontal axial wind turbines (HAWT). As shown in Figure 3 , the rotor radius of the wind turbine model is 127 mm and the height of the turbine nacelle is 225 mm above the wind tunnel floor. With the scale ratio of 1:350, the test model would represent a wind turbine in a wind farm with the rotor diameter about 90 m and tower height about 80 m.
Based on the ERS-100 prototype of wind turbine blade developed by TPI, the blade model sections were generated by mathematically applying a spline in tension to interpolate between the defined input stations. A constant circular section from the root of the blade to a distance of 5% radius of blade (R) and three NREL airfoils (S819, S820, S821) placed at various locations as inputs were used to generate the blade profile. The S821 root airfoil was used between 0.208R and 0.40R, the S819 primary airfoil was positioned at 0.70R, and the S820 tip airfoil was specified at 0.95R. The primary design parameters of the wind turbine model are listed in Table 1 . 
Figure 4. Schematic of experimental layout
The two-dimensional hill model was made by using a wooden frame with Gaussian curve covered with a piece of thin film. The geometry of the two-dimensional hill is defined by the following Gaussian curve:
where h=285 mm is the height on the top of hill, L is the length measured in the x direction between hill height from h/2 to h. The hill slope is defined as the average slope for the top half of the hill, i.e., s=h/(2L). The hill models with a slope of s=0.25 were tested in the current study. According to the study of Mason and King (1985) , the critical slope for flow separation occurrence over hilly terrain is around 0.3. Figure 4 shows the sketch of the experimental layout. Five positions were selected to investigate the flow characteristics and the wind turbine performances over hilly terrain. The distance between adjacent positions is 3D, where D is the diameter of the turbine rotor. Firstly, the surface flow characteristics and corresponding wind turbine performances at each position of the hill were tested to investigate the terrain effects on the performances of wind turbine. Secondly, as shown in Figure 4 , five wind turbines were placed at five different positions over the hill. The wake characteristics and performance of the wind turbines were obtained to study the wake interference of wind turbines over hilly terrain. In order to compare the wind turbine performances between hilly terrain and flat terrain, the experiments of five wind turbines aligned to free-stream direction with 3D spacing over flat surface (baseline case) were also conducted.
Experimental Equipment
In the present study, an aluminum rod used as wind turbine tower was connected to a high-sensitivity forcemoment transducer (JR3, model 30E12A-I40) through a hole on the wind tunnel ground. The JR3 load cell with transducer full scale of 40N and accuracy of ±0.25% was used to measure both the thrust and bending moment acting on the wind turbine model. The thrust coefficient (i.e., the force coefficient along x direction) and bending moment coefficient (i.e., the moment coefficient along y direction) of the wind turbine models in the present study were calculated by using the expressions of
, where ρ is the air density, and U H is the mean free-stream velocity at the hub height H on flat terrain. A small DC electric motor was installed inside the nacelle of wind turbine model and used as a DC generator, which would produce electric power when driven by the rotating turbine blades. The power output of the wind turbine can be represented by P=V 2 /r, where r is an electrical resistance that loads the closed circuit, and V is the voltage drop over the electrical load. The voltage data was scanned at a rate of 1000 Hz for 180 seconds.
The flow characteristics including mean velocity and turbulence intensity were measured by using a cobra probe (Turbulent Flow Instrumentation Pty Ltd) with measuring range of 2-100 m/s and accuracy of 0.5%. The cobra probe allows for instantaneous measurements of three components of the velocity. The data were sampled at rate of 1250 Hz for 60 seconds for each data point.
III. Results and Discussion
Flow Characteristics and Corresponding Wind Turbine Performances over Hilly Terrain
Mean velocity
In order to estimate the surface flow over hilly terrain, velocity profiles were measured at five selected positions, as shown in Figure 4 . The profiles of mean stream-wise velocity over the hilly terrain are plotted in Figure 5 . The velocity profile of the inflow on flat terrain is also plotted for comparison. All of the velocities shown in Figure 5 are normalized by U H , which is the hub height velocity of the inflow on flat terrain.
Position 1 is located in front of the hill. It can be seen from Figure 5 (a) that below the hill height (z/H<1.27), the velocity is lower than the inflow on flat terrain. The maximum difference between the hilly terrain and flat terrain is near the ground. With the increase in height, this difference decrease continuously and finally disappear near the hill height. The difference of velocity mentioned above indicates that the blockage effect on the flow located in front of hill can not be neglected. Obviously, this blockage effect caused by the downstream hill would reduce the kinetic energy that the wind turbine at the position in front of the hill can extract from the flow.
Closer to the hill, the blockage effects become more evident. However, comparison of velocity profiles at position 1 and position 2 shows that the increase of the blockage effect occurs mainly in the region near the ground (z/H<0.5). In the region of the rotation disk of the turbine blades, the difference between wind velocities at position 1 and position 2 is small. Thus, the kinetic energy that can be extracted by wind turbines located in front of the hill changes slightly close to the hill.
In addition, it should be pointed out that in Fig. 5 , z=0 is fixed at the bottom of the wind turbine model. At different positions over hilly terrain, z=0 is fixed on the surface of hill, which is at the bottom of the wind turbine. Thus, the change of velocity on the hill shown in Fig. 5 is contributed by two parts. One is due to the change of hill height at different position, another is the influence of the topography on the flow characteristics of wind over hilly terrain, such as the speed-up effect. Because position 2 is located very close to the foot of hill, there is not enough space for the wind to accelerate. The speed-up effect can be neglected at this position. The increase of velocity above z/H=2 shown in Fig. 5(b) is mainly caused by the change of height (the hill height at position 2 is 0.29h).
Near the top of the hill, the blockage effect decreases gradually and finally disappears at the top of hill. At the same time, the speed-up effect increases continuously and reaches a maximum. Figure 5(c) shows the velocity profile at the top of the hill. A distinct increase of velocity can be observed in Figure 5 (c) compared with the velocity profile on flat terrain. As mentioned above, this increased velocity is caused by two influences. The velocity at the hub height is used to analyze the contribution of these two parts. The distance between the hub height on top of the hill and the ground of flat terrain is h+H=510 mm. At this height the normalized velocity over flat terrain is 1.08. The normalized hub height velocity on top of the hill is 1.32. Thus, the increase of wind velocity at the hub height due to the speed-up effect is about 22%. In addition, the velocity profile on top of the hill is quite different from thee baseline atmospheric boundary layer flow. It becomes closer to uniform flow. This change of the mean velocity profile decreases the fluctuation of wind loads acting on the wind turbine. For the gentle slope hill used in present study, there is no flow separation after the hill. The velocity gradually decreases due to the adverse pressure gradient on the leeward slope and behind the hill. However, as shown in Figure 5(d) , the maximum decrease of velocity appears in the region of z/H<0.44. In the region above the bottomtip of the wind turbine, the mean velocity is still much higher than that over flat terrain, which means the kinetic energy that can be extracted by wind turbines sited on the downhill is also much higher than the wind turbine sited on flat terrain. Further behind the hill, such as at position 5, the effect of the hilly terrain on the atmospheric boundary layer wind decreases gradually. It can be seen clearly that at position 5, the velocity profile almost returns to that of the incoming flow on flat terrain, except for the region near the ground.
Turbulence intensity
As mentioned by Sanderse (2009) , turbulence intensity is the primary cause of fatigue failure and is used to estimate the fatigue loads acting on wind turbines. It is known that onshore wind farms are usually accompanied by with high turbulence levels. Hence, the fatigue failure of wind turbines is one of the most important aspects of onshore wind farms. The influence of hilly terrain on stream-wise turbulence intensity is shown in Figure 6 . The turbulence intensity of the inflow on flat terrain is also plotted for comparison. As shown in Figure 6 (a), the enhancement of turbulence intensity can be clearly seen below the hub height. Thus, the blockage effects downstream of the hill mentioned in section 3.1.1 not only decrease the flow velocity, but also enhance the flow turbulence. At the hub height, the turbulence intensity is about 16% over flat terrain and 18% over hilly terrain. This enhanced turbulence intensity would increase the fluctuation of wind loads acting on wind turbine.
At position 2, the turbulence intensity is nearly identical with the inflow on flat terrain, especially in the region of the rotation disk of the turbine blades. It should be noted that above z/H=2.0, the decrease of turbulence intensity on low slope hill is mainly caused by the change of hill height at position 2, which is about 0.29h higher than the ground of flat terrain.
With flow moving to the top of hill, the turbulence intensity decrease gradually at reach to the minimum. As shown in Figure 6 (c), the turbulence on top of hill is much lower than that on flat terrain. Also, this reduction of turbulence intensity is contributed by two parts. For example, the turbulence intensity at the hub height is about 13%. At the same height of flat terrain (h+H=510 mm), the turbulence intensity is about 15.5%. Thus, the decrease of turbulence intensity caused by the effect of hilly terrain can reach to 19%.
Due to the influence of an adverse pressure gradient after the top of the hill, the stream-wise turbulence intensity increases gradually along the lee-side of the hill, as shown in Figure 6 (d) and 6(e). At position 4, which is located on the downhill, the stream-wise turbulence intensity is still lower than that of the flat terrain except the region close to the ground. Further away from the hill at the location of the fifth wind turbine, the expansion of the flow region with high turbulence intensity can be observed. As shown in Figure 6 (e), the enhancement of turbulence intensity is evident and mainly appears in the region below hill height (z/H<1.27).
Performance of Wind Turbines
Besides the flow characteristics over hilly terrain, the performance of wind turbines sited at selected positions, including power output and wind loads were also measured in the present study. The turbine power outputs and wind loads acting on wind turbines over hilly terrain are listed in Table 2 . All the power outputs in Table 2 are normalized with the power output of a wind turbine sited on flat terrain.
At position 1, the data in Figure 5 (a) and Table 2 show the relation between wind turbine power output and corresponding mean velocity profile at the turbine. Due to the decrease of velocity caused by the blockage effect, the power outputs reduce 8% compared with wind turbine sited on flat terrain. At position 2, the power loss caused by the blockage effect is about 7%, which is almost the same as the wind turbine sited at position 1. At the top of the hill, as mentioned in section 3.1.1, the speed-up effect can highly increase the wind speed on top of the hill. Due to the high mean velocity, the normalized power output of the wind turbine sited on top of hill can reach 1.82, or 82% higher than that on flat terrain. In the downhill region, the wind velocity is also much higher than that on flat terrain, as shown in Figure 5(d) . Thus, the power output of wind turbine sited at position 4 is 28% higher than the wind turbine sited on flat terrain. At position 5, due to the decrease of velocity caused by the adverse pressure gradient in the region behind the peak of the hill, the power output of the wind turbine sited at this position is about 6% less than that on flat terrain.
The thrust and bending moment coefficients of wind turbines sited at different positions are listed in Table 3 . It should be noted that all of the coefficients are calculated by using the same reference velocity (the hub height velocity U H on flat terrain). The wind loads acting on the wind turbines at different positions show the same trend with power outputs. In addition, comparison between Figure 5 and Table 2 shows that the mean wind load acting on each wind turbine is mainly determined by the mean velocity. While mean wind loads were traditionally used for the mechanical design of wind turbines, the effects of the unsteady turbulence flow and associated dynamic wind load fluctuations have been studied extensively in recent years for optimal design of modern wind turbines. Especially for onshore wind farms, the wind load fluctuations should be paid more attention because of the high turbulence intensity.
In order to evaluate the power fluctuations of a wind turbine, Rosen (1996) defined the intensity of power fluctuations. In a similar manner, the present study defines the intensity of thrust fluctuations I CT as follows:
where C T is the mean thrust coefficient, and σ CT is the standard deviation of thrust coefficient.
The intensity of thrust fluctuations of wind turbines sited over hilly terrain are listed in Table 3 . The high value listed in Table 3 reveal clearly that the fluctuation of wind loads acting on a wind turbine operating over hilly terrain could be significant compared with the mean values. The quantitative results of the present study highlight the importance of taking the fluctuations of the wind loads into account for the mechanical design of wind turbines in order to improve the fatigue lifetime of wind turbines. As listed in Table 3 , the fatigue loads acting on the wind turbine sited at position 1 is smaller than that at position 2, which agree well with the variations of turbulence intensity shown in Figures 6(a) and 6(b) .The decrease of thrust fluctuation of the wind turbine on top of hill can be seen clearly in Table 3 . The intensity of thrust fluctuation can reduce to 0.44, which is 30% less than the wind turbine sited at position 1. Thus, it is a good choice to put wind turbines on the tops of hills because not only will the power output increase greatly, but the fatigue loads acting on the wind turbine will drop dramatically.
It should be noticed that, as shown in Figure 6 , the stream-wise turbulence intensity at position 4 is smaller than that at position 2. However, the fatigue loads acting on wind turbine sited at position 4 and position 2 are the same. It is known that the velocity component in vertical direction ( z direction) on the downhill side is much higher than that on flat terrain due to the influence of topography. The fluctuation of velocity in the vertical direction also could induce the vibration of turbine blades. Thus, the inconsistency between stream-wise turbulence intensity and fatigue loads at position 4 is probably caused by the fluctuation of velocity in vertical direction.
At position 5, the data listed in Tables 2 and 3 indicate that the fatigue loads acting on the wind turbine are more sensitive to the adverse pressure gradient behind the hill than the power output of the wind turbine. The intensity of thrust fluctuation acting on the wind turbine at position 5 can reach 0.8, which increases dramatically compared with the other positions.
Wake Interference of Wind Turbines over Hilly Terrain
A modern wind farm usually consists of multiple wind turbines arranged in an organized pattern or array. The effect of interaction between wind turbines may have implications on the downstream turbines which are located in the wake of upstream ones. The wake interference effects can highly decrease the power output and increase the fatigue loads of wind turbines sited in the wake. However, a majority of the previous experimental studies on wake interference were conducted over simplified flat surfaces. For wind farms located over complex terrain, the wake interference of wind turbines may be influenced by topography, which makes the wake interference of wind farms over hilly terrain quite different from those on flat terrain.
Wake interference of wind turbines sited on flat terrain
In order to make a fair comparison for the wake interference of wind farms over hilly terrain, the wind farm layout of five turbines placed in a tandem arrangement on flat terrain is studied as baseline case. The corresponding mean stream-wise velocity and turbulence intensity are plotted in Figure 7 . As shown in Figure 7 (a), an evident velocity deficit can be found at the position behind leading turbine, and after the second turbine, the velocity can quickly reach equilibrium. The velocity profiles behind the second, third and fourth turbine are nearly identical, which reveal the fast adjustment of the mean velocity inside the wind farm.
The enhanced turbulence intensity in the wake flow is caused by several coupled mechanisms, including the turbulence generated by the shear layer of the turbine wake and the tip vortex shedding from turbine blades. In the wind farm, the coexistence of multiple wakes with superimposed vortex structures will continuously increase the turbulence intensity in the wake. The turbulence intensity profiles cannot reach equilibrium even after the fourth turbine, as shown in Figure 7(b) . Thus, it can be seen that the turbulence intensity inside the wind farm is much less likely to reach equilibrium than the mean velocity. Besides flow characteristics, the power outputs and wind loads of wind turbines in a tandem arrangement are also measured and plotted in Figure 8 . All of the power outputs are normalized with the power output of the leading wind turbine. A great power loss for the wind turbine immediately after the leading turbine can be observed in Figure 8 (a), which is about 17%. The drops in power output become slower after the second turbine and reach equilibrium as soon as the third turbine. This variation also agrees well with the change of mean velocity shown in Figure 7 (a).
The intensity of thrust fluctuation of wind turbines in a tandem arrangement is shown in Figure 9 . The fatigue loads acting on the wind turbines increase gradually and reach equilibrium after the fourth turbine. The most rapid increase is observed for the second turbine. The intensity of thrust fluctuation for the leading and fifth turbines are 0.54 and 0.69, respectively. Thus, it can be seen that the wind turbine sited in the wake will suffer much higher fatigue loads compared to the leading turbine. In order to estimate the wake interference of wind turbines sited over hilly terrain, five wind turbines are placed in a tandem arrangement at selected positions, as shown in Figure 4 . In Figure 10 , the velocity profile in the wake is compared with the no-wake case at each selected position. All of the velocity profiles shown in Figure 10 are normalized with the hub height velocity of the inflow on flat terrain (U H ). It can be seen from Figure 10 (b) that the wake effect at position 2 is much smaller than that on flat terrain. As shown in Figure 4 , the wind turbine at position 2 is located on the uphill. According to the Gaussian curve of the hill model in current study, the hill height at position 2 is 0.29h. Therefore the flow around top tip-height of the wind turbine at position 2 cannot be affected by the upstream turbine. It can be seen in Figure 10 (b) that there is no difference between the two velocity profiles above z/H=1.3.
The power outputs of wind turbines sited over the low slope hill is listed in Table 4 . The results obtained on flat terrain are also listed for comparison. All of the power outputs in Table 4 are normalized with the power output of the leading turbine on flat terrain. It can be seen from Table 4 that due to the lower velocity deficit, the power loss of the wind turbine at position 2 in the wake is about 12%, which is smaller than the power loss of second turbine sited on flat terrain.
The lesser velocity deficit shown in Figure 10 (c) indicates that the wake effect becomes insignificant on top of the hill (position 3). The maximal velocity deficit occur below z/H=0.5. It should be noted that the region below z/H=0.5 at the top of the hill is in the wake of upstream turbine. Above z/H=0.5, only a slight velocity deficit can be observed. Due to the small velocity deficit in the region of the rotation disk of the turbine blades, the power loss of the wind turbine caused by the wake is only about 7%, as listed in Table 4 .
Beyond the peak of the hill, the flow expands along with the downslope of the hill. Therefore, the wake also spreads to a larger extent in the vertical direction. Obviously, this change of flow after the top of hill may enhance the wake effect. As shown in Figures 10(d) and 10(e), the wake effect is significant at the positions on the downhill (position 4) and behind the hill (position 5). The trend of the wake growth in the vertical direction can be easily seen when compared with Figures 10(d) and 10(e). Accompanying the high velocity deficit, the power losses at position 4 and position 5 increase dramatically, which are about 20% and 22%, respectively.
From the above analysis we can see that due to the change of hill height at different positions, the wind turbines do not experience a multiplied effect of superimposed wakes from successive wind turbines. For example, the wind turbine behind the hill is mainly influenced by the wind turbine sited on top of hill. In addition, the wake after the wind turbine could be influenced by the topography of the hilly terrain. Before the top of the hill, the increase of the hill height could reduce the wake effect. In contrast, the wake effect after the top of the hill will increase with the flow expanding along the downslope of the hill.
By using the data shown in Table 4 , the total power output of the five turbines placed in a tandem arrangement over flat terrain and hilly terrain can be calculated. On flat terrain, the overall power output of the five turbines is 4.09 times as much as the power output of leading turbine. Meanwhile, the total power output of the five wind turbines sited at selected positions over hilly terrain is 5.18. Therefore, the total power output of five turbines placed in a tandem arrangement over hilly terrain is 27% higher than that on flat terrain. Therefore, the hilly terrain with gentle slope in the present study can be considered a wind farm site with high wind energy potential. In Figure 11 , the main-stream turbulence intensity profiles in the wake are compared with no wake case at selected position. At position 2, the enhancement of turbulence intensity appears only in the region around a height of z/H=1.0. Considering that the hill height at position 2 is 0.29h, the region corresponding to enhanced turbulence intensity is located near the top tip-height of the upstream turbine sited at position 1. Thus, the enhanced turbulence intensity is mainly induced by the tip vortices shedding from upstream turbine blades.
The thrust coefficient and intensity of thrust fluctuation of wind turbines sited at different position are listed in Table 5 . Due to the low enhancement of turbulence intensity shown in Figure 11 (b), the change of thrust fluctuation caused by upstream turbine wake is slight, which only increases from 0.62 to 0.65.
At the peak of the hill, the turbulence intensity profiles with and without wake are nearly identical, which indicates that the influence of wake on the wind turbine sited at the top of the hill can be ignored. Compared with flat terrain, the fatigue loads acting on the wind turbine are much smaller, as listed in Table 5 .
With the enhancement of wake effects induced by flow separation after the top of the hill, the turbulence intensity increases significantly, as shown in Figures 11(d) and 11(e). The data in Table 5 shows the dramatic increase of fatigue loads as compared with the no wake case. In addition, the data shown in Figure 9 and Table 5 indicate that the fatigue loads acting on the wind turbine sited after the top of the hill are much higher than that acting on the fourth and fifth turbine sited on flat terrain. Thus, the fatigue lifetime of wind turbines sited behind the tops of hills need to be considered as the most important aspect in the mechanical design of wind turbine. 
IV. Conclusion
An experimental study was conducted to characterize the performance of onshore wind farms in atmospheric boundary layer flow over flat terrain and hilly terrain. The detailed flow field measurements were related with the wind loads and power output measurements to investigate the effect of topography on wind farm performance. The following conclusions can be obtained from the present study:
(1) In front of hill, the blockage effect of the downstream hill affect both the mean velocity and turbulence intensity in the flow, which leads to the reduced power output and enhanced fatigue loads acting on wind turbines in such locations. As the wind flows up the hill, the speed-up effect highly increases the mean velocity and decreases the turbulence level in the flow. Thus, it is a good choice to put wind turbines at positions on uphills and at the tops of hills. For the gentle slope hill used in the present study, there is no flow separation after the hill. The mean velocity decreases at a slow rate and reverts to the incoming flow profile after a short distance. The power output of wind turbines sited on the downhill can be even higher than that of flat terrain. However, the fatigue loads acting on wind turbines sited beind hill peaks may increase greatly compared with flat terrain, which must to be considered for wind farms located over complex terrain.
(2) On flat terrain, the effect of wake flow on downstream wind turbines is one of the most important aspects in wind farm design. However, if the wind farm is located over hilly terrain, the wake effects could be highly influenced by the topography. For the gently-sloping hill with no flow separation, if wind turbines are placed before and on top of the hill, the wake effect may be reduced due to the increase of hill height; after the top of the hill, the wake effect will be greatly enhanced by the flow expansion that follows the decreasing hill height. Both the power losses and fatigue loads of wind turbines sited in this region increase dramatically due to the enhanced wake effect.
